Studies in rodents show that transient receptor potential vanilloid 1 (TRPV1) channels regulate glutamate release at central and peripheral synapses. In humans, a number of nonsynonymous single-nucleotide polymorphisms (SNPs) have been described in the TRPV1 gene, and some of them significantly alter the functionality of the channel. To address the possible role of TRPV1 channels in the regulation of synaptic transmission in humans, we studied how TRPV1 genetic polymorphisms affect cortical excitability measured with transcranial magnetic stimulation (TMS). Two SNPs of the TRPV1 gene were selected and genotyped (rs222747 and rs222749) in a sample of 77 healthy subjects. In previous cell expression studies, the "G" allele of rs222747 was found to enhance the activity of the channel, whereas rs222749 had no functional effect. Allelic variants in the rs222749 region were not associated with altered cortical response to single, paired, and repetitive TMS. In contrast, subjects homozygous for the G allele in rs222747 exhibited larger short-interval intracortical facilitation (a measure of glutamate transmission) explored through paired-pulse TMS of the primary motor cortex. Recruitment curves, short-interval intracortical inhibition, intracortical facilitation, and long-interval intracortical inhibition were unchanged. LTPand LTD-like plasticity explored through intermittent or continuous theta-burst stimulation was also similar in the "G" and "non-G" subjects. To our knowledge, our results provide the first evidence that TRPV1 channels regulate cortical excitability to paired-pulse stimulation in humans.
Introduction
Transient receptor potential vanilloid 1 (TRPV1) channels are nonselective cation channels activated by a variety of chemical and physical stimuli, which include vanilloid compounds, voltage, heat, protons, and lipid molecules, such as endocannabinoids and eicosanoids (Van Der Stelt and Di Marzo, 2004, 2005; De Petrocellis and Di Marzo, 2005; Suh and Oh, 2005; Pingle et al., 2007; Di Marzo and De Petrocellis, 2010) .
Studies in animals show that these channels are involved in the regulation of synaptic transmission in peripheral (Caterina et al., 1997; Sikand and Premkumar, 2007) and central (Gibson et al., 2008; Peters et al., 2010; Shoudai et al., 2010) structures, by enhancing glutamate release from nerve endings. Accordingly, physiological studies have shown that stimulation of TRPV1 channels with capsaicin or anandamide enhances the frequency of glutamate-mediated spontaneous and miniature EPSCs, whereas GABAergic synaptic transmission is unaffected (Yang et al., 1998; Marinelli et al., 2002 Marinelli et al., , 2003 Li et al., 2004; Derbenev et al., 2006; Starowicz et al., 2007; Xing and Li, 2007; Musella et al., 2009 ). Recent studies also show that the regulation of spontaneous glutamate release by TRPV1 receptors is activity dependent Shoudai et al., 2010) , because afferent activation triggers long-lasting asynchronous glutamate release only from synapses expressing the TRPV1 receptor, strongly potentiating the duration of postsynaptic spiking . TRPV1 has also been involved in the regulation of synaptic plasticity and in particular in hippocampal long-term potentiation (LTP) (Marsch et al., 2007) and depression (LTD) (Gibson et al., 2008) and also in hippocampus-dependent learning in mice (Marsch et al., 2007) .
A number of nonsynonymous single-nucleotide polymorphisms (SNPs) have been described in the human TRPV1 gene, and data obtained by transfection of HEK cells with DNA containing the human SNP show that some of them confer specific functional properties to TRPV1 channels (Xu et al., 2007) . SNP rs222747, in particular, is localized in the region of the ankyrin repeat domains, and its variant is associated with greater maximal response to capsaicin and to anandamide (Xu et al., 2007) . It also increases TRPV1 mRNA and protein expression in cell surface, providing convincing evidence that subjects bearing this variant are characterized by enhanced functionality of the channel (Xu et al., 2007) . On the contrary, other nonsynonymous SNP variants, such as rs222749, do not cause substantial effects on the pharmacological and expression properties of the TRPV1 channel (Xu et al., 2007) .
In the present study, the role of TRPV1 channels in the control of cortical excitability in humans was explored by comparing the response to single transcranial magnetic stimulation (TMS) and paired-pulse TMS, as well as to theta-burst stimulation (TBS), in subjects with the rs222747 or rs222749 SNP variants of the TRPV1 gene. It is worth mentioning that the role of TRPV1 channels in the control of synaptic transmission within the cerebral cortex has not been addressed previously even in animals.
Materials and Methods
The study was approved by the Ethics Committee of the University Hospital Tor Vergata (Rome, Italy).
Subjects and SNP genotyping. We submitted to SNP genotyping 550 healthy subjects, recruited among investigators, nurses, and nonbiological relatives of subjects hospitalized in the Neurology Department of the University Hospital Tor Vergata. All subjects were Italian natives, belonging to European Caucasian ethnicity. Among them, 77 right-handed (Oldfield, 1971) healthy volunteers (31 males; mean age, 38.3 Ϯ 10.2 years) gave consent to the TMS study. All subjects gave written informed consent. Subjects and investigators were blinded to genotyping results during data collection and all TMS experimental procedures. All data were collected prospectively.
The MassARRAY Assay Design 3.1 software was used to design a single 20-multiplex reaction in which the two SNPs rs222747 and rs222749 of the TRPV1 gene were included. Genotyping was performed using iPLEX Gold technology (Jurinke et al., 2002) and MassARRAY high-throughput DNA analysis with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Sequenom), according to the instructions of the manufacturer. The two TRPV1 SNPs showed a call rate Ͼ95%, with no significant departure from Hardy-Weinberg equilibrium.
TMS. Electromyographic traces were recorded from the first dorsal interosseous (FDI) muscles of the left hand with 9-mm-diameter, silversilver chloride surface cup electrodes. The active electrode was placed over the muscle belly, and the reference electrode was placed over the metacarpophalangeal joint of the index finger. Responses were amplified with a Digitimer D360 amplifier through filters set at 20 Hz and 2 kHz with a sampling rate of 5 kHz and then recorded by a computer with Signal software (Cambridge Electronic Devices).
Motor-evoked potentials (MEPs) were evoked through a figure-ofeight coil with external loop diameter of 70 mm connected to a Magstim 200 2 magnetic stimulator (Magstim Company). The hand motor area of right primary motor cortex (M1) was defined as the point at which stimulation evoked the largest MEP from the contralateral FDI muscle. The motor hotspot was identified at the beginning of each experimental session and marked over the patient's scalp with a pencil. The coil was held tangentially to the scalp surface with the handle pointing posteriorly and laterally at ϳ45°with respect to the midsagittal axis of the head. We defined the resting motor threshold (RMT) as the lowest intensity that evoked five small responses (ϳ50 V) in the contralateral FDI muscle in a series of 10 stimuli when the subject kept the FDI muscles relaxed in both hands, according to international standards. Active motor threshold (AMT) was defined as the lowest intensity that evoked five small responses (ϳ200 V) in a series of 10 stimulations when the subject made 10% of maximal voluntary contraction (Rothwell, 1997) .
MEP amplitudes elicited by single-pulse TMS of increasing intensities (90, 100, 110, 120, 130, 140 , and 150% of the RMT) were measured to calculate recruitment curves of M1. Ten pulses were delivered for each stimulus intensity.
Paired-pulse TMS. Paired-pulse TMS was used to assess short-interval cortical facilitation (SICF; believed to follow the activation of glutamatergic cortical interneurons) (Di Lazzaro et al., 2003) , short-interval cortical inhibition/facilitation (SICI/ICF; mediated by intrinsic GABA A ergic or excitatory circuits) (Kujirai et al., 1993; Ziemann, 2004; Florian et al., 2008) , and long-interval intracortical inhibition (LICI; mediated by local GABA B pathways) (Valls-Solé et al., 1992; Werhahn et al., 1999) of the right M1.
To assess SICF, the conditioning stimulus (CS) was delivered at 90% of right RMT (Hanajima et al., 2002) , following the test stimulus (TS) at interstimulus intervals (ISI) of 1.5, 2.1, 2.7, 3.7, and 4.5 ms. Ten nonconditioned MEPs and 10 conditioned MEPs, at each intensity, were collected in randomized order at a rate of 0.2 Hz.
To assess SICI/ICF, a subthreshold CS, delivered 2 and 3 ms (for SICI) or 10 and 15 ms (for ICF) before the TS, was used to preferentially excite M1 intracortical inhibitory or excitatory fibers, and the subsequent reduction or potentiation in contralateral MEP amplitude compared with the nonconditioned MEP provided a measure of SICI or ICF, respectively. The CS was delivered at 80% of right AMT (Kujirai et al., 1993; Rothwell, 1997; Peurala et al., 2008) .
LICI was tested following the protocol adopted by Valls-Solé et al. (1992) . The intensity of CS was set at 120% RMT. Three conditions were presented in a random order: control (TS given alone) and two pairedpulse conditions (TS preceded by CS) at one of three different ISIs (50, 100, and 150 ms).
Measurements were made on each individual trial, and the mean peakto-peak amplitude of the conditioned MEP was expressed as a percentage of the mean peak-to-peak amplitude of the unconditioned test pulse.
TBS. Intermittent (iTBS) or continuous (cTBS) TBS were delivered over M1 through a Magstim Rapid 2 stimulator. Stimulation intensity was 80% of AMT. The iTBS protocol consisted of 10 bursts, with each burst composed of three stimuli at 50 Hz, repeated at a theta frequency of 5 Hz every 10 s for a total of 600 stimuli (200 s). cTBS consisted of 200 bursts, repeated continuously at a 5 Hz frequency for a total of 600 stimuli in 40 s. Sixty MEPs were collected before iTBS or cTBS (baseline) and at two different time points (0 and 15 min) after the end of stimulations. Stimulation intensity was set to induce a stable MEP of ϳ1 mV peak-to-peak amplitude in the relaxed right FDI at baseline and remained unchanged until the end of recordings. MEP amplitudes were then averaged at each time point and normalized to the mean baseline amplitude Mori et al., 2011) .
Data analysis. Differences in age and single-pulse TMS parameters between different genotypes were analyzed using a one-way ANOVA. Differences in gender between genotype groups were analyzed using a 2 test. For each paired-pulse TMS experimental intervention, a repeatedmeasures ANOVA with within-subject factor ISI and between-subjects factor genotype was used on normalized peak-to-peak amplitudes of the mean MEPs of each subject. Post hoc paired t tests were applied when necessary. Duncan's test was used to correct for multiple comparisons. In all figures, error bars refer to the SE.
Results

Allele frequencies
The TMS procedure was well tolerated by all subjects. With respect to the SNP rs222747, the study sample was divided in three groups according to alleles "GG," "CG," and "CC." Similarly, the sample population was divided in three groups ("CC," "CT," and "TT") for the SNP rs222749. Allele frequencies of the two SNPs of the TRPV1 gene are shown in Table 1 . The allele frequencies found in our sample were similar to HapMap studies in the CEU population (European-Americans; http://hapmap.ncbi.nlm.nih. gov/index.html.en). The frequency genotype data are selected from the public database based on HapMap data for European-Americans (CEU population) (http://www.hapmap.org).
SNP rs222747
No differences in age and sex between genotypes emerged by using, respectively, a one-way ANOVA and 2 tests. Mean RMT, AMT, and stimulus intensity required to elicit an MEP of 1 mV amplitude were not significantly different among GG, CG, and CC subjects (Table 2 ).
We also addressed the possible role of rs222747 in the regulation of synaptic excitability explored by means of paired-pulse TMS experiments. Analysis was performed using a repeatedmeasures ANOVA design on the normalized data with genotype as between-subjects and ISI as within-subject main factors. The analysis showed a significant main effect of ISI (F ϭ 21.8, p Ͻ 0.01) and genotype (F ϭ 3.0, p Ͻ 0.05) and a significant genotype ϫ ISI interaction (F ϭ 1.8, p Ͻ 0.05) on SICF values. Post hoc contrasts revealed that SICF elicited in the GG group was significantly larger than in the other two groups at ISIs 1.5 and 2.7 ms. SICI, ICF, and LICI showed a significant effect of ISI (F ϭ 8.8, p Ͻ 0.01 for SICI; F ϭ 10.3, p Ͻ 0.01 for ICF; and F ϭ 11.1, p Ͻ 0.01 for LICI) but no significant effect of genotype and genotype ϫ ISI interaction (Fig. 1A-C) .
In iTBS experiments, we tested whether the rs222747 polymorphism of the TRPV1 gene affected LTP-like synaptic plasticity. ANOVA on the normalized data revealed a significant effect of time (F ϭ 4.5, p Ͻ 0.05). Conversely, genotype and genotype ϫ time interaction were not significant (Fig. 1 D) .
SNP rs222749
No differences in age and sex between genotypes emerged by using, respectively, a one-way ANOVA and 2 tests. Mean RMT, AMT, and stimulus intensity required to elicit an MEP of 1 mV amplitude were not significantly different among CC, CT, and TT subjects (Table 2) . SICF, SICI, ICF, and LICI showed a significant effect of ISI (F ϭ 3.2, p Ͻ 0.05 for SICF; F ϭ 6.5, p Ͻ 0.01 for SICI; F ϭ 3.7, p Ͻ 0.05 for ICF; and F ϭ 8.3, p Ͻ 0.01 for LICI). Unlike SNP rs222747, no differences were found on SICF, SICI/ICF, and LICI among the CC, CT, and TT subjects (Fig. 2 A-C) . Also in the plasticity experiments, the normalized data revealed a significant main effect of time (F ϭ 7.6, p Ͻ 0.05) on the MEP size in response to iTBS, whereas effects of genotype and genotype ϫ time interaction were not significantly different among CC, CT, and TT subjects (Fig. 2 D) .
Role of TRPV1 rs222747 SNP on intrinsic excitability and LTD-like plasticity
The results above indicate that TRPV1 rs222747 SNP could affect glutamate transmission within the CNS. It is thought that SICF at each peak reflects a facilitatory interaction of cortical circuits that are also involved in the generation of distinct indirect (I)-waves in response to transcranial stimulation of the motor cortex (Tokimura et al., 1996; Ziemann et al., 1998a,b; Rothwell, 1999) . Spinal epidural recordings show that the amplitude of the earliest I-wave (I1) evoked by TMS can be selectively decreased by an inhibitory form of TBS (cTBS) (Di Lazzaro et al., 2005) , whereas iTBS increases MEPs, through an increase in the amplitude of later I-waves but not the I1-wave (Di Lazzaro et al., 2008) . We thus explored the effects of this SNP on other measures of cortical excitability to further address the specificity of the observed effect. A recruitment curve and cTBS protocols were performed in a subgroup of 21 (seven CC, seven CG, and seven GG) subjects to evaluate the potential involvement of TRPV1 channels in the control of intrinsic neuronal excitability or LTD-like plasticity. ANOVA on the normalized data revealed a significant effect of intensity for recruitment curves and of time for cTBS (F ϭ 4.5, p Ͻ 0.05). Conversely, genotype, genotype ϫ intensity, and genotype ϫ time interactions were not significant (Fig. 3) .
Discussion
TRPV1 channels have been described in the dorsal root ganglia and peripheral sensory nerve endings, in which they participate in the detection of noxious chemical and thermal stimuli. Capsaicin (from red pepper) is a well known agonist of TRPV1 channels. Activation of TRPV1 channels on sensory neurons causes the release of glutamate and of pro-inflammatory neuropeptide substance P and calcitonin G-related peptide in the dorsal horn of the spinal cord, which are critical for transmitting pain signals from the periphery to the CNS (Jara- Oseguera et al., 2008; Premkumar, 2010) . TRPV1 channels also participate in the control of synaptic transmission in a variety of central structures, which include the cortex, the hippocampus, the cerebellum, and the basal ganglia (Yang et al., 1998; Mezey et al., 2000; Marinelli et al., 2002 Marinelli et al., , 2003 Li et al., 2004; Derbenev et al., 2006; Starowicz et al., 2007; Xing and Li, 2007; Musella et al., 2009 ). However, despite intensive research, the function of central TRPV1 channels is only beginning to be understood (Mezey et al., 2000; Cristino et al., 2006; Tzavara et al., 2006; Di Marzo and Cristino, 2008; Maccarrone et al., 2008) .
In the present study, we wanted to investigate how two common SNPs of the TRPV1 gene (rs222747 and rs222749) affect cortical excitability in humans. Notably, SNP rs222747 variants carrying the G allele have been reported to cause greater maximal TRPV1 channel response to capsaicin and to its natural agonist anandamide and to increase TRPV1 mRNA and protein expression in cell surface (Xu et al., 2007) . Variants of rs222749, conversely, did not result in apparent significant changes of channel activity (Xu et al., 2007) . However, the limited number of subjects bearing the TT genotype of rs222749, indeed very uncommon in the general population and in our series (5 of 550 subjects), prevents us from drawing final conclusions on the potential impact of this SNP in the regulation of cortical excitability. In contrast, the results related to the rs222747 SNP seem to be robust enough to justify the conclusion that the TRPV1 channels regulate cortical excitability in the human cortex, because those subjects homozygous for the G allele of this SNP had larger SICF than CG and CC subjects. Conversely, no differences were observed between the three allele groups with regard to the other single-and paired-pulse TMS paradigms and to TBS responses.
TMS delivered on M1 generates high-frequency repetitive discharges of corticospinal cells with a periodicity of 1.5 ms, which are called I-waves (Ziemann and Rothwell, 2000) . Because the three peaks of SICF also occur at ϳ1.5 ms intervals, SICF is thought to be determined by the summation of the I-waves gen- erated by two consecutive TMS pulses separated by ISIs of 1.1-1.5, 2.3-2.9, and 4.1-4.5 ms on the corticospinal neurons (Ziemann et al., 1998b) . Animal experiments provided evidence that I-waves are generated trans-synaptically through excitatory corticocortical fibers (Amassian et al., 1987) . SICF peaks are thought to reflect a facilitatory interaction between the effects of the two stimuli at the axon initial segments of the excitatory interneurons in motor cortex, which contribute to the generation of I-waves (Hanajima et al., 2002) . The magnitude of these peaks may reflect the strength of excitatory synaptic interactions in M1. Because I-waves have a trans-synaptic origin, it is hypothesized that most of the EPSPs that cause I-waves might be transmitted by glutamate (Amassian et al., 1987; Ziemann et al., 1998b; Di Lazzaro et al., 2003) . Conversely, SICI and ICF likely result from recruitment of different intracortical circuits able to modulate the corticospinal output in the M1. SICI is in part mediated by GABA via postsynaptic GABA A receptors (Florian et al., 2008) , whereas ICF involves excitatory connections to pyramidal neurons (Kujirai et al., 1993) and LICI very likely reflects GABA B receptor activation as suggested by data from healthy volunteers exposed to baclofen, a GABA B receptor agonist (McDonnell et al., 2006; Florian et al., 2008; Vahabzadeh-Hagh et al., 2011) . Recruitment curves are considered sensitive measures of changes in neuronal system intrinsic excitability. Unlike SICF, recruitment curves were not affected by rs222747 TRPV1 SNP. Previous work showed they are influenced by norepinephrine and serotonin levels (Plewnia et al., 2001 (Plewnia et al., , 2002 Gerdelat-Mas et al., 2005) , suggesting the idea that the effect of this SNP on synaptic transmission is rather selective.
Although our results may be consistent with the idea that enhancement of glutamatergic transmission underlies the observed effect on SICF of the rs222747 GG genotype, it is noteworthy that other TMS parameters not altered by rs222747 SNP, such as RMT, MEP amplitude, ICF, and LTP-and LTD-like plasticity, have been postulated to be also glutamate dependent (Liepert et al., 1997; Schwenkreis et al., 2000; Di Lazzaro et al., 2003; Reis et al., 2006; Huang et al., 2007 Huang et al., , 2008 . However, previous studies aimed at exploring the TMS effects of a variety of glutamatergic drugs found modulatory effects only in one or few of these parameters, depending on the specific mechanism of action of the drug under investigation (Liepert et al., 1997; Schwenkreis et al., 2000; Di Lazzaro et al., 2003; Reis et al., 2006) . Based on these premises, it is therefore conceivable that TRPV1 effects on glutamate transmission are not widespread but are rather selective for the synaptic underpinnings of SICF generation. Glutamate transmission can be modu- lated by presynaptic or postsynaptic effects, and TRPV1 channels are rather selectively involved in the modulation of glutamate transmission by favoring neurotransmitter release from nerve endings. Interestingly, a short-term, purely presynaptic form of synaptic potentiation, known as paired-pulse facilitation (PPF), is evoked in in vitro preparations by coupling two stimuli with short ISIs (Thomson, 2000) . TRPV1 channels have been shown to significantly influence PPF in vitro through a presynaptic mechanism (Derbenev et al., 2006) . Along with the results of the present investigation, this information may therefore suggest that the SNP rs222747 effects on SICF reflect the presynaptic action of TRPV1 channels on glutamatergic terminals. In this respect, even if PPF and SICF cannot be directly compared, because PPF is attributed to the presynapse but for SICF it is less clear whether it is a presynaptic or postsynaptic phenomenon, the SICF protocol is reminiscent of the in vitro PPF paradigm, and a similar incremental effect on SICF without changes in other single-and paired-pulse TMS measures was observed in healthy subjects after intake of subanesthetic doses of the NMDA antagonist ketamine (Di Lazzaro et al., 2003) . Low doses of ketamine produce a dual modulating effect on glutamatergic transmission in experimental animals, blocking NMDA receptor activity and enhancing non-NMDA transmission through an increase in the release of endogenous glutamate (Bustos et al., 1992) . Thus, our hypothesis is that enhancing TRPV1 channel function in the SNP rs222747 GG subjects may influence cortical excitability through an increase of glutamate transmission. Several data have shown that activation of TRPV1 channels potentiates glutamate release from excitatory terminals, although their effects on GABA release are less consistent (Yang et al., 1998; Marinelli et al., 2002 Marinelli et al., , 2003 Li et al., 2004; Derbenev et al., 2006; Starowicz et al., 2007; Xing and Li, 2007; Musella et al., 2009) . It may be argued that none of these animal studies have addressed so far the effect of TRPV1 channels in the cerebral cortex, whose excitability has been explored in our TMS work. However, the remarkable consistency of the effects found in rodent spinal cord (Yang et al., 1998) , substantia nigra (Marinelli et al., 2003) , locus ceruleus (Marinelli et al., 2002) , hypothalamus (Li et al., 2004) , nucleus of the vagus nerve (Derbenev et al., 2006) , brainstem (Starowicz et al., 2007) , dorsolateral periaqueductal gray neurons (Xing and Li, 2007) , and striatum (Musella et al., 2009 ) strongly suggests that the synaptic effect of these channels may be similar also in the cerebral cortex.
The long-lasting facilitatory or inhibitory aftereffects on MEP amplitude in response to TBS and the LTP/LTD of synaptic transmission described in animal studies are likely related phenomena, because blockade of NMDA receptors prevents both forms of synaptic plasticity (Huang et al., 2007 (Huang et al., , 2008 . Notably, SNP variants of the TRPV1 channels failed to affect iTBS and cTBS responses in our study, although the induction of hippocampal LTP/LTD requires the activation of TRPV1 channels (Marsch et al., 2007; Gibson et al., 2008; Peters et al., 2010; Zhou et al., 2010) . One possible explanation for this finding is that MEP changes secondary to TBS are already maximal in wild-type SNP rs222747 subjects and cannot be therefore further potentiated by enhancing the function of TRPV1 channels in the homozygous GG genotype. However, it should also be considered that the small sample size could have led to nonsignificant results attributable to lack of statistical power. Finally, direct comparisons between TBS in humans and LTP/LTD in animals must be taken with caution, because it is a matter of ongoing debate whether they share similar mechanisms. Indeed, TBS-and TRPV1-mediated synaptic plasticity may be based on different mechanisms.
Despite these limitations, to our knowledge, our results provide the first evidence that TRPV1 channels regulate synaptic transmission in humans. Additional experimental work in a larger sample of patients and exploring other neurophysiological and functional imaging measures of synaptic excitability are mandatory to extend our results.
